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(54) Biosensor, iontophoretlc sampling system and methods of use thereof 

(57) An automated system for continual transder- 
mal extraction of analytes present in a biological system 
is provided. The system can be used for detecting 
and/or measuring the concentration of the analyte using 
an electrochemical biosensor detection means. The 
system optionally uses reverse iontophoresis to carry 
out the continual transdermal extraction of the analytes. 
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Description 

Technical Field 

[0001 ] This invention relates generally to a biosensor s 
for use in monitoring the concentration of target chemi- 
cal analytes present in an aqueous biological system. 
More particularly, the invention relates to a biosensor for 
measuring the concentration of one or more analytes in 
a transdermal^ extracted sample. The invention also 10 
relates to an electrode system for continual transdermal 
extraction of one or more analytes from a biological sys- 
tem over an extended period of operation. One impor- 
tant application of the invention involves a sampling 
system for monitoring blood glucose using noninvasive is 
or minimally invasive sampling techniques. 

Background 

[0002] A number of diagnostic tests are routinely per- 20 
formed on humans to evaluate the amount or existence 
of substances present in blood or other body fluids. 
These diagnostic tests typically rely on physiological 
fluid samples removed from a subject, either using a 
syringe or by pricking the skin. One particular diagnostic 25 
test entails self-monitoring of blood glucose levels by 
diabetics. 

[0003J Diabetes is a major health concern, and treat- 
ment of the more severe form of the condition, Type I 
(insulin-dependent) diabetes, requires one or more 30 
insulin injections per day. Insulin controls utilization of 
glucose or sugar in the blood and prevents hyperglyc- 
emia which, if left uncorrected, can lead to ketosis. On 
the other hand, improper administration of insulin ther- 
apy can result in hypoglycemic episodes, which can 35 
cause coma and death. Hyperglycemia in diabetics has 
been correlated with several long-term effects of diabe- 
tes, such as heart disease, atherosclerosis, blindness, 
stroke, hypertension and kidney failure. 
[0004] The value of frequent monitoring of blood glu- 40 
cose as a means to avoid or at least minimize the com- 
plications of Type I diabetes is well established. Patients 
with Type II (non-insulin-dependent) diabetes can also 
benefit from blood glucose monitoring in the control of 
their condition by way of diet and exercise. 45 
[0005] Conventional Wood glucose monitoring meth- 
ods generally require the drawing of a blood sample 
(e.g., by fingerprick) for each test, and a determination 
of the glucose level using an instrument that reads glu- 
cose concentrations by electrochemical or colorimetric so 
methods. Type I diabetics must obtain several finger- 
prick blood glucose measurements each day in order to 
maintain tight grycemic control. However, the pain and 
inconvenience associated with this blood sampling, 
along with the fear of hypoglycemia, has lead to poor 55 
patient compliance, despite strong evidence that tight 
control dramatically reduces long-term diabetic compli- 
cations. In fact, these considerations can often lead to 



an abatement of the monitoring process by the diabetic. 
[0006] Recently, various methods for determining the 
concentration of Wood analytes without drawing blood 
have been developed. For example, U.S. Patent No. 
5,267.152 to >arig et al. describes a noninvasive tech- 
nique of measuring blood glucose concentration using 
near-IR radiation diffuse-reflection laser spectroscopy. 
Similar near-IR spectrometric devices are also 
described in U.S. Patent No. 5,086,229 to Rosenthal et 
al. and US. Patent No. 4,975,581 to Robinson et al. 
[0007] U.S. Patent No. 5,1 39,023 to Stanley describes 
a transdermal blood glucose monitoring apparatus that 
relies on a permeability enhancer (e.g., a bile salt) to 
facilitate transdermal movement of glucose along a con- 
centration gradient established between interstitial fluid 
and a receiving medium. U.S. Patent No. 5,036,861 to 
Sembrowich describes a passive glucose monitor that 
collects perspiration through a skin patch, where a 
cholinergic agent is used to stimulate perspiration 
secretion from the eccrine sweat gland. Similar perspi- 
ration collection devices are described in U.S. Patent 
No. 5,076,273 to Schoendorfer and U.S. Patent No. 
5,1 40.985 to Schroeder. 

[0008] In addition, U.S. Patent No. 5,279,543 to Glik- 
feld describes the use of iontophoresis to noninvasive^ 
sample a substance through skin into a receptacle on 
the skin surface. Glikfeld suggests that this sampling 
procedure can be coupled with a glucose-specific bio- 
sensor or glucose-specific electrodes in order to moni- 
tor Wood glucose. Finally, International PuWication No. 
WO 96/00110 to Tamada describes an iontophoretic 
apparatus for transdermal monitoring of a target sub- 
stance, where an iontophoretic electrode is used to 
move an analyte into a collection reservoir and a bio- 
sensor is used to detect the target analyte present in the 
reservoir. 

[0009] However, there remains a need in the art for 
sampling devices and sampling methods which provide 
low cost, accurate determination of analyte concentra- 
tions in field or home-testing applications, particularly 
where continual and/or automatic monitoring is desired. 

Summary of the Invention 

[001 0] Accordingly, the present invention provides an 
efficient sampling system for detecting and/or measur- 
ing the concentration of a transdermal^ extracted ana- 
lyte. The invention represents an improvement over 
prior noninvasive monitoring techniques and devices by 
providing an automatic sampling system coupled with a 
highly sensitive biosensor for determining the concen- 
tration of a target analyte present in an aqueous biolog- 
ical system. The sampling system extracts small 
amounts of a target analyte via transdermal methods, 
and then senses and/or quantifies the concentration of 
the target analyte. Sampling is carried out in a continual 
manner, allowing quantification to be carried out even 
when a target analyte, extracted from the biological sys- 
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tern, is obtained at a sub-millimolar (sub-mM) concen- 
tration. 

[0011] The advantages provided by the invention are 
thus several fold. For example, the noninvasive nature 
of the sanpling system signHicantly increases the likeli- 5 
hood of patient acceptance. In the particular context of 
blood glucose monitoring, better glycemic control can 
be achieved by taking frequent blood glucose measure- 
ments on a daily basis, and using that information to 
determine the amount and frequency of insulin adminis- 
tration. Use of the noninvasive sampling system of the 
invention helps increase the likelihood that such fre- 
quent measurements will be taken. In addition, the auto- 
matic sampling provided by the instant sampling 
system, particularly when taken over an extended 
period of time (e.g., 24 hours or more) can be used to 
monitor concentration swings previously not detectable 
using prior devices. Again in the context of blood glu- 
cose monitoring, it is now believed that even four to 
seven glucose measurements per day may be insuffi- 
cient to reflect the diurnal glucose level variation in 
many diabetics. Using the instant sampling system to 
automatically measure bipod glucose at, for example, a 
frequency of once per hour, allows monitoring of previ- 
ously unrecognizable glucose swings, particularly when 
a subject is asleep. Thus, the invention provides access 
to information that is of great clinical benefit in home, 
field and/or medical environments. 
[001 2] Accordingly, it is a general object of the inven- 
tion to provide an automated system for continual 
transdermal extraction of analytes present in biological 
fluids. In one particular embodiment, the transdermal 
extraction is carried out using reverse iontophoresis or 
electroosmosis to extract analytes across a subject's 
skin. In this embodiment, one or more collection reser- 
voirs are contacted with a subject's skin. The reservoirs 
typically contain a conductive medium and are in con- 
tact with a sampling means for-providing electric poten- 
tial or current between the reservoir site and another 
site on the subject's skin. A biosensor is also in contact 40 
with the one or more reservoirs, and provides a means 
for sensing and/or quantifying the concentration of a tar- 
get anaJyte present in the reservoirs. 
[001 3] In a preferred embodiment, an automated sys- 
tem for iontophoretic extraction of analytes is provided, as 
wherein iontophoretic electrodes capable of continual 
cycling under iontophoretic conditions are used to 
transdermally extract analytes continually over a period 
of about 1-24 hours, or longer. Therefore, unlike most 
iontophoresis applications, the iontophoretic electrodes so 
of the invention are capable of passing current in both 
directions without concomitantly participating in unde- 
sirable side reactions, particularly water hydrolysis. In 
addition, the electrodes must have the capacity to pass 
a high amount of charge, which capacity is readily 55 
reversible so that the electrodes pass current reproduc- 
ibry for an extended period of operation. 
[001 41 In another embodiment an automated system 



for continual transdermal extraction of analytes present 
in biological fluids is provided, wherein the transdermal 
extraction is carried out using sonophoresis to extract 
analytes across a subject's skin. In this embodiment, a 
collection reservoir is contacted with a subject's skin. 
The reservoir contains a conductive medium, and is in 
contact with a sampling means for applying ultrasound 
to the contacted skin surface such that noninvasive 
sampling of analytes beneath the skin surface can be 
carried out A biosensor is also in contact with the res- 
ervoir, providing a means for sensing and/or quantifying 
the concentration of a target analyte extracted into the 
reservoir. 

[001 5] In each of the iontophoretic and sonophoretic 
sampling systems of the invention, the collection reser- 
voirs are comprised of a liquid, or liquid-containing 
medium which is ionically conductive and efficiently 
transmits the electric potential or current, or the ultra- 
sound, between the respective sampling means and the 
skin surface. In preferred embodiments, the liquid-con- 
taining medium is an ionically conductive hydrogel or 
wicking material soaked with an ionically conductive 
medium. 

[0016] As will be understood by the ordinarily skilled 
artisan upon reading the present specification, there are 
a large number of analytes that can be sampled using 
the present automated sampling systems. In systems 
which rely on the reverse iontophoresis/electroosmosis 
techniques described herein, charged (e.g., having a 
negative or positive ionic charge) substances will be 
extracted at the highest concentrations, while 
uncharged substances will be extracted at lower, albeit 
still quantifiable, concentrations. One particular 
uncharged analyte of interest herein is glucose. Other 
analytes of.interest include, but are not limited to, amino 
acids, enzyme substrates or products indicative of a dis- 
ease state or condition, therapeutic agents, drugs of 
abuse, and electrolytes. 

[001 7] The biosensor used for sensing and/or quanti- 
tating the target analyte extracted by the Present sam- 
pling system needs to perform reliably and reproducibly 
using extracted concentrations (e.g., sub-mM) which 
are well below those measured by conventional electro- 
chemical detection (generally in the mM range). As 
used herein, "sub-mM" refers to and concentration that 
is less than 1 mM. In one particular embodiment, the 
biosensor includes an electrode comprising a platinum- 
group metal (e.g., Pt, Pd, Ru, and Rh). The biosensor 
electrode is used to detect hydrogen peroxide gener- 
ated by an enzyme oxidase which specifically reacts 
with an analyte of interest to provide hydrogen peroxide. 
Since the automatic sampling system is used to provide 
continual or periodic sampling over an extended period 
of operation, the biosensor electrode must have a low 
background current and be stable for at least about 1- 
24 hours of operation. The biosensor electrode further 
must have high sensitivity for the hydrogen peroxide sig- 
nal, where a preferred sensitivity (nA^iM) background 
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current (nA) ratio is on the order of about 3 or greater. 
Finally, the biosensor electrode must exhibit reduced 
catalytic peroxide decomposition by the platinum-group 
metal constituent. 

[0018] Accordingly, it is a primary object of the inven- 5 
tion to provide sampling system for monitoring the con- 
centration of an anatyte present in a biological system. 
The sampling system comprises: 

(a) a reservoir containing an ionically conductive to 
medium and an enzyme capable of reacting with 
the analyte to produce hydrogen peroxide; 

(b) sampling means in operative contact with the 
reservoir, wherein the sampling means is used for 
extracting the analyte from the biological system is 
into the reservoir to obtain a sub-millimolar (sub- 
mM) concentration of the analyte in the reservoir 
which reacts with the enzyme to produce hydrogen 
peroxide; and 

(c) a sensor element also in operative contact with 20 
the reservoir, wherein the sensor element reacts 
electrochemically with the hydrogen peroxide pro- 
duced in the reservoir to provide a detectable sig- 
nal. The sensor element comprises an electrode 
having suitable geometric surface area and back- 25 
ground noise so as to be effective in the present 
sampling system. 

[0019] It is also a primary object of the invention to 
provide a sampling system for monitoring the concen- so 
tration of an analyte present in a biological system, 
wherein the sampling system comprises: 

(a) a reservoir containing an ionically conductive 
medium and an enzyme capable of reacting with 35 
the analyte to produce hydrogen peroxide; 

(b) reverse iontophoretic sampling means in opera- 
tive contact with the reservoir, wherein the reverse 
iontophoretic sampling means is used for extracting 
the analyte from the biological system into the res- 40 
ervoir to obtain a sub-millimolar (sub-mM) concen- 
tration of the analyte in the reservoir which reacts 
with the enzyme to produce hydrogen peroxide; 
and 

(c) a sensor element also in operative contact with 45 
the reservoir, wherein the sensor element reacts 
electrochemically with the hydrogen peroxide pro- 
duced in the reservoir to provide a detectable sig- 
nal. The reverse iontophoretic sampling means 
comprises first and second iontophoretic elec- so 
trodes having suitable geometric area and current 
carrying capability so as to be operative in the 
present sampling system. 

[0020] His a still further object of the invention to pro- st 
vide a method for monitoring the concentration of an 
analyte present in a biological system, wherein the 
method comprises the following steps: 



(a) extracting an analyte from the biological system 
into a collection reservoir to provide a submillimoiar 
(sub-mM) concentration of the analyte in the reser- 
voir; 

(b) contacting the analyte extracted in step (a) with 
an enzyme that reacts with the analyte to produce 
hydrogen peroxide; 

(c) detecting the hydrogen peroxide produced in 
step (b) with a sensor element, wherein the sensor 
element reacts electrochemically with the hydrogen 
peroxide to produce a detectable signal; 

(d) measuring the signal produced in step (c); 

(e) correlating the measurement obtained in step 
(d) with the concentration of the analyte in the bio- 
logical system; and 

(f) performing steps (a)-(d) continually or periodi- 
cally over an extended period of operation. The 
sensor element comprises an electrode having suit- 
able geometric surface area and background noise 
so as to be operative in the present method. 
Optionally, the method can be carried out using a 
reverse iontophoretic system to transdermally 
extract the analyte from the biological system, 
wherein the iontophoretic electrodes have suitable 
geometric area and current carrying capability so 
as to be operative in the present method. 

[0021 ] In a further aspect of the above embodiments, 
the sensor element can also include a reference elec- 
trode, and a counter electrode. Further, a counter elec- 
trode of the sensor element and an iontophoretic 
electrode of the sampling system can be combined as a 
single bimodal electrode where the electrode is not 
used simultaneously for both functions, i.e., where the 
counter and iontophoretic functions are separately car- 
ried out at different times. 

[0022] Additional objects, advantages and novel fea- 
tures of the invention will be set forth in part in the 
description which follows, and in part will become 
apparent to those skilled in the art upon examination of 
the following, or may be learned by practice of the inven- 
tion. 

Rrtef Descrip tion nf the Drawings 
[0023] 

Figure 1 is a schematic representation of the reac- 
tion which glucose oxidase (GOx) catalyses to 
obtain gluconic acid and hydrogen peroxide, and 
result in the generation of a current. 
Figure 2 is an exploded pictorial representation of 
components from a preferred embodiment of the 
automatic sampling system of the present inven- 
tion. 

Figure 3 is a representation of one embodiment of 
a bimodal electrode design. The figure presents an 
overhead and schematic view of the electrode 
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assembly 33. In the figure, the bimodal electrode is 
shown at 30 and can be, for example, a Ag/AgCI 
iontophoretic/counter electrode. The sensing or 
working electrode (made from, for example, plati- 
num) is shown at 31. The reference electrode is 5 
shown at 32 and can be, for example, a Ag/AgCI 
electrode. The components are mounted on a suit- 
able substance 34. In this example of such an elec- 
trode the working electrode area is approximately 
1 .35 cm^. 10 
Figure 4 is a representation of a cross-sectional 
schematic view of the bimodal electrodes as they 
may be used in conjunction with a reference elec- 
trode and a hydrogeJ patch. In the figure, the com- 
ponents are as follows: bimodal electrodes 40 and is 
41 ; sensing electrodes 42 and 43; reference elec- 
trodes 44 and 45; a substrate 46; and hydrogel 
pads 47 and 48. 

Detailed Description of the Invention 20 

[0024] Before describing the present invention in 
detail, it is to be understood that this invention is not lim- 
ited to particular compositions or biological systems as 
such may, of course, vary. It is also to be understood 25 
that the terminology used herein is for the purpose of 
describing particular embodiments only, and is not 
intended to be limiting. 

[0025] ft must be noted that, as used in this specifica- 
tion and the appended claims, the singular forms "a", 30 
"an" and "the" include plural referents unless the con- 
tent clearly dictates otherwise. Thus, for example, refer- 
ence to "a binder" includes a mixture of two or more 
such binders, reference to "an analyte" includes mix- 
tures of analytes, and the like. 35 
[0026] Unless defined otherwise, ail technical and sci- 
entific terms used herein have the same meaning as 
commonly understood by one of ordinary skill in the art 
to which the invention pertains. Although any methods 
and materials similar or equivalent to those described 40 
herein can be used in the practice for testing of the 
present invention, the preferred materials and methods 
are described herein. 

[0027] In describing and claiming the present inven- 
tion, the following terminology will be used in accord- 45 
ance with the definitions set out below. 
[0028] The terms "analyte" and "target analyte" are 
used herein to denote any physiological analyte of inter- 
est that is a specific substance or component that is 
being detected and/or measured in a chemical, physi- so 
cat, enzymatic, or optical analysis. A detectable signal 
(e.g., a chemical signal or electrochemical signal) can 
be obtained, either directly or indirectly, from such an 
analyte. Furthermore, the terms "analyte" and "sub- 
stance" are used interchangeably herein, and are 55 
intended to have the same meaning, and thus encom- 
pass any substance of interest. In preferred embodi- 
ments, the physiological analyte of interest is, for 



example, glucose, or a chemical that has a physiologi- 
cal action, for example a drug or pharmacological 
agent. 

[0029] A "sampling device" or "sampling system" 
refers to any device for obtaining a sample from a bio- 
logical system for the purpose of determining the con- 
centration of an analyte of interest. As used herein, the 
term "sampling" means invasive, minimally invasive or 
non-invasive extraction of a substance from the biologi- 
cal system, generally across a membrane such as skin 
or mucosa. The membrane can be natural or artificial, 
and can be of plant or animal nature, such as natural or 
artificial skin, blood vessel tissue, intestinal tissue, and 
the like. Typically, the sampling means are in operative 
contact with a "reservoir," wherein the sampling means 
is used for extracting the analyte from the biological sys- 
tem into the reservoir to obtain the analyte in the reser- 
voir. A "biological system" includes both living and 
artificially maintained systems. Examples of minimally 
invasive and noninvasive sampling techniques include 
iontophoresis, sonophoresis. suction, electroporation, 
thermal poration, passive diffusion, microfine (minia- 
ture) lances or cannulas, subcutaneous implants or 
insertions, and laser devices. Sonophoresis uses ultra- 
sound to increase the permeability of the skin (see, e.g., 
Menon et ai. (1994) Skin Pharmacology 7:130-139). 
Suitable sonophoresis sampling systems are described 
in International Publication No. WO 91/12772, pub- 
lished 5 September 1991. Passive diffusion, sampling 
devices are described, for example, in International 
Publication Nos.: WO 97/38126 (published 16 October 
1997); WO 97/42888. WO 97/42886, WO 97/42885, 
and WO 97/42882 (all published 20 November 1997); 
and WO 97/43962 (published 27 November 1997). 
Laser devices use a small laser beam to burn a hole 
through the upper layer of the patients skin (see, e.g., 
Jacques et al. (1978) J. Invest Dermatology 8g£8-93). 
Examples of invasive sampling techniques include tradi- 
tional needle and syringe or vacuum sample tube 
devices. 

[0030] A "monitoring system," as used herein, refers 
to a system useful for continually or continuously meas- 
uring a physiological analyte present in a biological sys- 
tem. Such a system typically includes, but is not limited 
to, sampling means, sensing means, and a microproc- 
essor means in operative communication with the sam- 
pling means and the sensing means. 
[0031] The term "artificial," as used herein, refers to 
an aggregation of cells of monolayer thickness or 
greater which are grown or cultured in vivo or in vitro, 
and which function as a tissue of an organism but are 
not actually derived, or excised, from a preexisting 
source or host 

[0032] The term "subject" encompasses any warm- 
blooded animal, particularly including a member of the 
class Mammalia such as, without limitation, humans 
and nonhuman primates such as chimpanzees and 
other apes and monkey species; farm animals such as 
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cattle, sheep, pigs, goats and horses; domestic mam- 
mals such as dogs and cats; laboratory animals includ- 
ing rodents such as mice, rats and guinea pigs, and the 
like. The term does not denote a particular age or sex. 
Thus, adult and newborn subjects, as well as fetuses, 5 
whether male or female, are intended to be covered. 
[0033] As used herein, the term "continual measure- 
ment'' intends a series of two or more measurements 
obtained from a particular biological system, which 
measurements are obtained using a single device main- w 
tained in operative contact with the biological system 
over the time period in which the series of measure- 
ments is obtained. The term thus includes continuous 
measurements. 

[0034] The term "transdermal," as used herein, is 
includes both transdermal and transmucosal tech- 
niques, i.e., extraction of a target analyte across skin or 
mucosal tissue. Aspects of the invention which are 
described herein in the context of "transdermal," unless 
otherwise specified, are meant to apply to both 20 
transdermal and transmucosal techniques. 
[0035] The term "transdermal extraction," or 
"transdermal^ extracted" intends any noninvasive, or at 
least minimally invasive sampling method, which entails 
extracting and/or transporting an analyte from beneath 25 
a tissue surface across skin or mucosal tissue. The term 
thus includes extraction of an analyte using iontophore- 
sis (reverse iontophoresis), electroosmosis. sonophore- 
sis, microdialysis, suction, and passive diffusion. These 
methods can, of course, be coupled with application of 30 
skin penetration enhancers or skin permeability 
enhancing technique such as tape stripping or pricking 
with micro-needles. The term "transdermal^ extracted" 
also encompasses extraction techniques which employ 
thermal poration, electroporation, microfine lances. 35 
microfine canulas, subcutaneous implants or insertions 
and the like. 

[0036] The term "iontophoresis" intends a method for 
transporting substances across tissue by way of an 
application of electrical energy to the tissue. In conven- 40 
tional iontophoresis, a reservoir is provided at the tissue 
surface to serve as a container of material to be trans- 
ported. Iontophoresis can be carried out using standard 
methods known to those of skill in the art. for example 
by establishing an electrical potential using a direct cur- 
rent (DC) between fixed anode, and cathode "ionto- 
phoretic electrodes," alternating a direct current 
between anode and cathode iontophoretic electrodes, 
or using a more complex waveform such as applying a 
current with alternating polarity (AP) between ionto- 
phoretic electrodes (so that each electrode is alter- 
nately an anode or a cathode). 
[0037] The term "reverse iontophoresis" refers to the 
movement of a substance from a biological fluid across 
a membrane by way of an applied electric potential or 
current. In reverse iontophoresis, a reservoir is provided 
at the tissue surface to receive the extracted material. 
[0038] "Electroosmosis" refers to the movement of a 



substance through a membrane by way of an electric 
field-induced convective flow. The terms iontophoresis, 
reverse iontophoresis, and electroosmosis, will be used 
interchangeably herein to refer to movement of any ion- 
ically charged or uncharged substance across a mem- 
brane (e.g., an epithelial membrane) upon application of 
an electric potential to the membrane through an ioni- 
cally conductive medium. 

[0039] The term "sensing device," "sensing means." 
or "biosensor device" encompasses any device that can 
be used to measure the concentration of an analyte, or 
derivative thereof, of interest. Preferred sensing devices 
for detecting blood analytes generally include electro- 
chemical devices and chemical devices. Examples of 
electrochemical devices include the Clark electrode 
system (see, e.g., Updike et al. (1967) Nature £J4:986- 
988) and other amperometric, coulometric. or potentio- 
metric electrochemical devices. Examples of chemical 
devices include conventional enzyme-based reactions 
as used in the Lifescan glucose monitor (Johnson and 
Johnson, New Brunswick, NJ) (see, e.g., U.S. Patent 
4,935,346 to Phillips et al.). 

[0040] A "biosensor" or "biosensor device" includes, 
but is not limited to, a "sensor element" which includes,' 
but is not limited to, a "biosensor electrode" or "sensing 
electrode" or "working electrode" which refers to the 
electrode that is monitored to determine the amount of 
electrical signal at a point in time or over a given time 
period, which signal is then correlated with the concen- 
tration of a chemical compound. The sensing electrode 
comprises a reactive surface which converts the ana- 
lyte, or a derivative thereof, to electrical signal. The 
reactive surface can be comprised of any electrically 
conductive material such as, but not limited to, platinum- 
group metals (including, platinum, palladium, rhodium, 
ruthenium, osmium, and iridium), nickel, copper, silver, 
and carbon, as well as, oxides, dioxides, combinations 
or alloys thereof. Some catalytic materials, membranes, 
and fabrication technologies suitable for the construc- 
tion of amperometric biosensors were described by 
Newman, J.D., et al. {Analytical Chemistry 67(24), 
4594-4599,1995). 

[0041] The "sensor element" can include components 
in addition to a biosensor electrode, for example, it can 
include a "reference electrode," and a "counter elec- 
trode." The term "reference electrode" is used herein to 
mean an electrode that provides a reference potential, 
e.g., a potential can be established between a reference 
electrode and a working electrode. The term "counter 
so electrode" is used herein to mean an electrode in an 
electrochemical circuit which acts as a current source or 
sink to complete the electrochemical circuit. Although it 
is not essential that a counter electrode be employed 
where a reference electrode is included in the circuit 
55 and the electrode is capable of performing the function 
of a counter electrode, it is preferred to have separate 
counter and reference electrodes because the refer- 
ence potential provided by the reference electrode is 
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most stable when it is at equilforium. If the reference 
electrode is required to act further as a counter elec- 
trode, the current flowing through the reference elec- 
trode may disturb this equilibrium. Consequently, 
separate electrodes functioning as counter and refer- 5 
ence electrodes are most preferred. 
[0042] In one embodiment the "counter electrode" of 
the "sensor element" comprises a "bimodal electrode." 
The term "bimodal electrode" as used herein typically 
refers to an electrode which is capable of functioning 10 
non-simuttaneously as, for example, both the counter 
electrode (of the "sensor element") and the ionto- 
phoretic electrode (of the "sampling means"). 
[0043] The terms "reactive surface," and "reactive 
face" are used interchangeably herein to mean the sur- is 
face of the sensing electrode that (1) is in contact with 
the surface of an electrolyte containing material (e.g. 
gel) which contains an analyte or through which an ana- 
lyte, or a derivative thereof, flows from a source thereof; . 
(2) is comprised of a catalytic material (e.g., carbon, 20 
platinum, palladium, rhodium, ruthenium, or nickel 
and/or oxides, dioxides and combinations or alloys 
thereof) or a material that provides sites for electro- 
chemical reaction; (3) converts a chemical signal (e.g. 
hydrogen peroxide) into an electrical signal (e.g., an 25 
electrical current); and (4) defines the electrode surface 
area that, when composed of a reactive material, is suf- 
ficient to drive the electrochemical reaction at a rate suf- 
ficient to generate a detectable, reproducibly 
measurable, electrical signal that is correlatable with the so 
amount of analyte present in the electrolyte. 
[0044] The term "collection reservoir is used to 
describe any suitable containment means for containing 
a sample extracted from a biological system. The reser- 
voir can include a material which is ionically conductive 35 
(e.g., water with ions therein), wherein another material 
such as a sponge-like material or hydrophilic polymer is 
used to keep the water in place. Such collection reser- 
voirs can be in the form of a hydrogel (for example, in 
the shape of a disk or pad). Other suitable collection 40 
reservoirs include, but are not limited to, tubes, vials, 
capillary collection devices, cannulas, and miniaturized 
etched, ablated or molded flow paths, 
[0045] An Ionically conductive material" refers to any 
material that provides ionic conductivity, and through 45 
which electrochemically active species can diffuse. The 
ionically conductive material can be, for example, a 
solid, liquid, or semi-solid (e.g., in the form of a gel) 
material that contains an electrolyte, which can be com- 
posed primarily of water and ions (e.g., sodium chlo- so . 
ride), and generally comprises 50% or more water by 
weight. The material can be in the form of a gel, a 
sponge or pad (e.g., soaked with an electrolytic solu- 
tion), or any other material that can contain an electro- 
lyte and allow passage therethrough of 55 
electrochemically active species, especially the analyte 
of interest 

[0046] The term "physiological effect" encompasses 



effects produced in the subject that achieve the 
intended purpose of a therapy. In preferred embodi- 
ments, a physiological effect means that the symptoms 
of the subject being treated are prevented or alleviated. 
For example, a physiological effect would be one that 
results in the prolongation of survival in a patient 
[0047] By the term "printed" as used herein is meant 
a substantially uniform deposition of an electrode for- 
mulation onto one surface of a substrate (i.e., the base 
support). It will be appreciated by those skilled in the art 
that a variety of techniques may be used to effect sub- 
stantially uniform deposition of a material onto a sub- 
strate, e.g., Gravure-type printing, extrusion coating, 
screen coating, spraying, painting, or the like. 

General Methods 

[0048] A method and apparatus for sampling small 
amounts of an analyte via transdermal methods are 
provided. The method and apparatus are used to detect 
and/or quantify the concentration of a target analyte 
present in a biological system. This sampling is carried 
out in a continual manner, and quantification is possible 
even when the target analyte is extracted sample in 
sub-millimolar concentrations. Although the method and 
apparatus are broadly applicable to sampling any 
chemical analyte and/or substance, the invention is 
expressly exemplified for use in transdermal sampling 
and quantifying or qualifying glucose or a glucose 
metabolite. 

[0049] Accordingly, in one aspect of the method of the 
invention, an automatic sampling system is used to 
monitor levels of glucose in a biological system. The 
method can be practiced using a sampling system 
(device) which transdermal^ extracts glucose from the 
system, in this case, an animal subject Transdermal 
extraction is carried out by applying an electrical current 
or ultrasonic radiation to a tissue surface at a collection 
site. The electrical current or ultrasonic radiation is used 
to extract small amounts of glucose from the subject 
into a collection reservoir. The collection reservoir is in 
contact with a biosensor which provides for measure- 
ment of glucose concentration in the subject 
[0050] In the practice of the method, a collection res- 
ervoir is contacted with a tissue surface, for example, on 
the stratum corneum of a patient's skin. An electrical or 
ultrasonic force is then applied to the tissue surface in 
order to extract glucose from the tissue into the collec- 
tion reservoir. Extraction is carried out continually over a 
period of about 1-24 hours, or longer. The collection res- 
ervoir is analyzed, at least periodically, to measure glu- 
cose concentration therein. The measured value 
correlates with the subject's Wood glucose level. 
[0051 ] More particularly, one or more collection reser- 
voirs are placed in contact with a tissue surface on a 
subject. The collection reservoirs are also contacted 
with an electrode which generates a current (for reverse 
iontophoretic extraction) or with a source of ultrasonic 
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radiation such as a transducer (for sonophoretic extrac- 
tion) sufficient to extract glucose from the tissue into the 
collection reservoir. 

[0052] The collection reservoir contains an ionically 
conductive liquid or liquid-containing medium. The con- 
ductive medium is preferably a hydrogel which can con- 
tain ionic substances in an amount sufficient to produce 
high ionic conductivity. The hydrogel is formed from a 
solid material (solute) which, when combined with 
water, forms a gel by the formation of a structure which 
holds water including interconnected cells and/or net- 
work structure formed by the solute. The solute may be 
a naturally occurring material such as the solute of nat- 
ural gelatin which includes a mixture of proteins 
obtained by the hydrolysis of collagen by boiling skin, 
ligaments, tendons and the like. However, the solute or 
gel forming material is more preferably a polymer mate- 
rial (including, but not limited to. polyethylene oxide, pol- 
yvinyl alcohol, polyacrylic acid, 
poiyacrylamidomethylpropanesulfonate and copoly- 
mers thereof, and polyvinyl pyrrolidone) present in an 
amount in the range of more than 0.5% and less than 
40% by weight, preferably 8 to 12% by weight when a 
humectant is also added, and preferably about 15 to 
20% by weight when no humectant is added. Additional 
materials may be added to the hydrogel, including, with- 
out limitation, electrolyte (e.g., a salt), buffer, tackifier, 
humectant biocides, preservatives and enzyme stabi- 
lizers. Suitable hydrogel formulations are described in 
International Publication Nos. WO 97/02811, published 
30 January 1997, and WO 96/001 10, published 4 Janu- 
ary 1996. 

[0053] Since the sampling system of the present 
invention must be operated at very low (electrochemi- 
cal) background noise levels, the collection reservoir 
must contain an ionically conductive medium that does 
not include significant electrochemically sensitive com- 
ponents and/or contaminants. Thus, the preferred 
hydrogel composition described hereinabove is formu- 
lated using a judicious selection of materials and rea- 
gents which do not add significant amounts of 
electrochemical contaminants to the final composition. 
[0054] In order to facilitate detection of the analyte, an 
enzyme is disposed within the one or more collection 
reservoirs. The enzyme is capable of catalyzing a reac- 
tion with the extracted analyte (in this case glucose) to 
the extent that a product of this reaction can be sensed, 
e.g., can be detected electrochemically from the gener- 
ation of a current which current is detectable and pro- 
portional to the amount of the analyte which is reacted. 
A suitable enzyme is glucose oxidase which oxidizes 
glucose to gluconic acid and hydrogen peroxide. The 
subsequent detection of hydrogen peroxide on an 
appropriate biosensor electrode generates two elec- 
trons per hydrogen peroxide molecule which create a 
current which can be detected and related to the 
amount of glucose entering the device (see Fig. 1). Glu- 
cose oxidase (GOx) is readily available commercially 



and has well known catalytic characteristics. However, 
other enzymes can also be used, so long as they specif- 
ically catalyze a reaction with an analyte or substance of 
interest to generate a detectable product in proportion 
5 to the amount of analyte so reacted. 

[0055] In like manner, a number of other analyte-spe- 
cific enzyme systems can be used in the invention, 
which enzyme systems operate on much the same gen- 
eral techniques. For example, a biosensor electrode 
10 that detects hydrogen peroxide can be used to detect 
ethanol using an alcohol oxidase enzyme system, or 
similarly uric acid with urate oxidase system, cholesterol 
with a cholesterol oxidase system, and theophylline with 
a xanthine oxidase system. 
15 [0056] The biosensor electrode must be able to detect 
the glucose analyte extracted into the one or more col- 
lection reservoirs even when present at nominal con- 
centration levels. In this regard, conventional 
electrochemical detection systems which utilize glucose 
20 oxidase (GOx) to specifically convert glucose to hydro- 
gen peroxide, and then detect with an appropriate elec- 
trode, are only capable of detecting the analyte when 
present in a sample in at least mM concentrations. In 
contrast, the present invention allows sampling and 
25 detection of small amounts of analyte from the subject, 
wherein the analyte is detected at concentrations on the 
order of 2 to 4 orders of magnitude lower (e.g., jiM con- 
centration in the reservoir) than presently detectable 
with conventional systems. 
30 [0057] Accordingly, the biosensor electrode of the 
present invention must exhibit substantially reduced 
background current relative to prior such electrodes. In 
one particularly preferred embodiment, an electrode is 
provided which contains platinum (Pt) and graphite dis- 
35 persed within a polymer matrix. The electrode exhibits 
the following features, each of which are essential to the 
effective operation of the biosensor: background current 
in the electrode due to changes in the Pt oxidation state 
and electrochemically sensitive contaminants in the 
40 electrode formulation is substantially reduced; and cat- 
alytic activity (e.g., nonelectrochemical hydrogen perox- 
ide decomposition) by the Pt in the electrode is reduced. 
[0058] The Pt-containing electrode is configured to 
provide a geometric surface area of about 0.1 to 3 cm 2 , 
45 preferably about 0.5 to 2 cm 2 , and more preferably 
about 1 cm 2 . This particular configuration is scaled in 
proportion to the collection area of the collection reser- 
voir used in the sampling system of the present inven- 
tion, throughout which the extracted analyte and/or its 
so reaction products will be present. The electrode is spe- 
cially formulated to provide a high signal-to-noise ratio 
(S/N ratio) for this geometric surface area not heretofore 
available with prior Pt-containing electrodes. For exam- 
ple, a Pt-containing electrode constructed according to 
55 the invention and having a geometric area of about 1 
cm 2 preferably has a background current on the order of 
about 20 nA or less (when measured with buffer solution 
at 0.6V). and has high sensitivity (e.g., at least about 60 
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nA/jiM of in buffer at 0.6V). In like manner, an 
electrode having a geometric area of about 0.1 cm 2 
preferably has a background current of about 2 nA or 
less and sensitivity of at least about 6 nA/jiM of H 2 0 2 ; 
and an electrode having a geometric area of about 3 5 
cm 2 preferably has a background cunent of about 60 nA 
or less and sensitivity of at least about 180 nA/jiM of 
H 2 0 2 , both as measured in buffer at 0.6V. These fea- 
tures provide for a high S/N ratio, for example a S/N ratio 
of about 3 or greater. The electrode composition is for- 10 
mulated using analytical- or electronic-grade reagents 
and solvents which ensure that electrochemical and/or 
other residual contaminants are avoided in the final 
composition, significantly reducing the background 
noise inherent in the resultant electrode. In particular, 15 
the reagents and solvents used in the formulation of the 
electrode are selected so as to be substantially free of 
electrochemically active contaminants (e.g., antioxi- 
dants), and the solvents in particular are selected for 
high volatility in order to reduce washing and cure times. 20 
[0059] The Pt powder used to formulate the electrode 
composition is also substantially free from impurities, 
and the Pt/graphite powders are evenly distributed 
within the polymer matrix using, for example, co-milling 
or sequential milling of the Pt and graphite. Alternatively, 25 
prior to incorporation into the polymer matrix, the Pt can 
be sputtered onto the graphite powder, colloidal Pt can 
be precipitated onto the graphite powder (see, e.g., U.K. 
patent application number GB 2,221,300, published 31 
January 1990, and references cited therein), or the Pt 30 
can be adsorbed onto the graphite powder to provide an 
even distribution of Pt in contact with the conductive 
graphite. In order to improve the S/N ratio of the elec- 
trode, the Pt content in the electrode is lower relative to 
prior Pt or Pt-based electrodes. In a prefened embodi- 35 
ment, the overall Pt content is about 3-7% by weight. 
Although decreasing the overall amount of Pt may 
reduce the sensitivity of the electrode, the inventors 
have found that an even greater reduction in back- 
ground noise is also achieved, resulting in a net aq 
improvement in signal-to-noise quality. 
[0060] The Pt/graphite matrix is supported by a suita- 
ble binder, such as an electrochemically inert polymer 
or resin binder, which is selected for good adhesion and 
suitable coating integrity. The binder is also selected for 45 
high purity, and for absence of components with electro- 
chemical background. In this manner, no electrochemi- 
cally sensitive contaminants are introduced into the 
electrode composition by way of the binder. A large 
number of suitable such binders are known in the art so 
and are commercially available, including, without limi- 
tation, vinyl, acrylic, epoxy, phenoxy and polyester poly- 
mers, provided that the binder or binders selected for 
the formulation are adequately free of electroactive 
impurities. 55 
[0061] The Pt/graphite biosensor electrodes formu- 
lated above exhibit reduced catalytic activity (e.g., pas- 
sive or nonelectrochemical hydrogen peroxide 



degradation) relative to prior Pt-based electrode sys- 
tems, and thus have substantially improved signal-to- 
noise quality. In preferred Pt/graphite electrode compo- 
sitions, the biosensor exhibits about 10-25% passive 
hydrogen , peroxide degradation as measured in the 
assay of Example 2, infra, preferably less than about 
20% passive degradation. 

[0062] Once formulated, the electrode composition is 
affixed to a suitable nonconductive surface which may 
be any rigid or flexible material having appropriate insu- 
lating and/or dielectric properties. The electrode com- 
position can be affixed to the surface in any suitable 
pattern or geometry, and can be applied using various 
thin film techniques, such as sputtering, evaporation, 
vapor phase deposition, or the like; or using various 
thick film techniques, such as film laminating, electro- 
plating, or the like. Alternatively, the composition can be 
applied using screen printing, pad printing, inkjet meth- 
ods, transfer roll printing, or similar techniques. Prefera- 
bly, the electrode . is applied using a low temperature 
screen print onto a polymeric substrate. The screening 
can be earned out using a suitable mesh, ranging from 
about 100-400 mesh. 

[0063] As glucose is transdermal^ extracted into the 
collection reservoir, the analyte reacts with the glucose 
oxidase within the reservoir to produce hydrogen perox- 
ide. The presence of hydrogen peroxide generates a 
current at the biosensor electrode that is directly propor- 
tional to the amount of hydrogen peroxide in the reser- 
voir. This current provides a signal which can be 
detected and interpreted (for example, employing an 
algorithm using statistical methods) by an associated 
system controller to provide a glucose concentration 
value for display. 

[0064] In one embodiment of the present invention, 
the sampling system can have two collection reservoirs 
which contain, for example, an active collection reser- 
voir, having the GOx enzyme, and a blank collection 
reservoir (without the GOx enzyme); or, in an alterna- 
tive, two active reservoirs, i.e., two reservoirs containing 
the GOx enzyme. In the case of an active collection res- 
ervoir and a blank collection reservoir signal can be 
adjusted by subtraction of the blank reservoir signal 
from the signal obtained from the active reservoir. In the 
case of two active, collection reservoirs the signals can 
be summed and averaged, or a total of the two signals 
can be used. This signal, for example the detected cur- 
rent, is then used alone or in combination with other fac- 
tors (for example, glucose concentration at a calibration 
point skin temperature, conductivity, voltage, time since 
calibration of the system, etc.) to provide a glucose con- 
centration value. 

[0065] In particular embodiments, the detected cur- 
rent can be correlated with the subject's blood glucose 
concentration (typically using statistical algorithms 
associated with a microprocessor) so that the system 
controller may display the subject's actual blood glucose 
concentration as measured by the sampling system. For 
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example, the system can be calibrated to the subject's 
actual blood glucose concentration by sampling the 
subject's Wood during a standard glucose tolerance 
test, and analyzing the blood glucose using both a 
standard Wood glucose monitor and the sampling sys- 5 
tern of the present invention. In addition or alternately, 
the sampling system can be calibrated at a calibration 
time point where the signal obtained from the sampling 
system at that time point is correlated to blood glucose 
concentration at that time point as determined by direct w 
blood testing (for example, glucose concentration can 
be determined using a HemoCue® clinical analyzer 
(HemoCue AB, Sweden)). In this manner, measure- 
ments obtained by the sampling system can be corre- 
lated to actual values using known statistical 1S 
techniques. Such statistical techniques can be formu- 
lated as algorithm(s) and incorporated in a microproc- 
essor associated with the sampling system. 
[0066] Further, the sampling system can be prepro- 
grammed to begin execution of its signal measurements 20 
(or other functions) at a designated time. One applica- 
tion of this feature is to have the sampling system in 
contact with a subject and to program the sampling sys- 
tem to begin sequence execution during the night so 
that it is available for calibration immediately upon wak- 25 
ing. One advantage of this feature is that it removes any 
need to wart for the sampling system to warm-up before 
calibrating it. . 

[0067] In one preferred embodiment, the automatic 
sampling system transdermally extracts the sample in a 30 
continual manner over the course of a 1 -24 hour period, 
or longer, using reverse iontophoresis. More particu- 
larly, the collection reservoir contains an ionically con- 
ductive medium, preferably the hydrogel medium 
described hereinabove. A first iontophoresis electrode 35 
is contacted with the collection reservoir (which is in 
contact with a target tissue surface), and a second ion- 
tophoresis electrode is contacted with either a second 
collection reservoir in contact with the tissue surface, or 
some other ionically conductive medium in contact with 40 
the tissua A power source provides an electric potential 
between the two electrodes to perform reverse ionto- 
phoresis in a manner known in the art As discussed 
above, the biosensor; selected to detect the presence, 
and possiWy the level, of the target analyte (glucose) 45 
within a reservoir is also in contact with the reservoir. 
[0068] In practice, an electric potential (either direct 
current or a more complex waveform) is applied 
between the two iontophoresis electrodes such that cur- 
rent flows from the first electrode through the first con- so 
ductive medium into the skin, and back out from the skin 
through the second conductive medium to the second 
electrode. This cunent flow extracts substances through 
the skin into the one or more collection reservoirs 
through the process of reverse iontophoresis or elec- 55 
troosmosis. The electric potential may be applied as 
described in International PuWication No. WO 
96/001 10, puWished 4 January 1996. 



[0069] As an example, to extract glucose, the applied 
electrical current density on the skin or tissue is prefer- 
ably in the range of about 0.01 to about 2 mA/cm* In a 
preferred embodiment, in order to facilitate the extrac- 
tion of glucose, electrical energy is applied to the elec- 
trodes, and the polarity of the electrodes is alternated at 
a rate of about one switch every 7.5 minutes (for a 15 
minute extraction period), so that each electrode is 
alternately a cathode or an anode. The polarity switch- 
ing can be manual or automatic. 
[0070] Any suitaWe iontophoretic electrode system 
can be employed, however it is preferred that a silver/sil- 
ver chloride (Ag/AgCI) electrode system is used. The 
iontophoretic electrodes are formulated using two criti- 
cal performance parameters: (1) the electrodes are 
capaWe of continual operation for extended periods, 
preferably periods of up to 24 hours or longer, and (2) 
the electrodes are formulated to have high electrochem- 
ical purity in order to operate within the present system 
which requires extremely low background noise levels. 
The electrodes must also be capable of passing a large 
amount of charge over the life of the electrodes. 
[0071] In an alternative embodiment, the sampling 
device can operate in an alternating polarity mode 
necessitating the presence of a first and second bimo- 
dal electrodes (Figure 4, 40 and 41) and two collection 
reservoirs (Figure 4, 47 and 48). In the present inven- 
tion, each bi-modal electrode (Rgure 3, 30; Figure 4, 40 
and 41) serves two functions depending on the phase of 
the operation: (1) an electro-osmotic electrode (or ionto- 
phoretic electrode) used to electrically draw analyte 
from a source into a collection reservoir comprising 
water and an electrolyte, and to the area of the elec- 
trode subassemWy; and (2) as a counter electrode to 
the first sensing electrode at which the chemical com- 
pound is catalytically converted at the face of the sens- 
ing electrode to produce an electrical signal. 
[0072] The reference (Figure 4, 44 and 45; Figure 3, 
32) and sensing electrodes (Figure 4, 42 and 43; Rgure 
3, 31), as well as, the bimodal electrode (Rgure 4, 40 
and 41; Rgure 3, 30) are connected to a standard 
potentiostat circuit during sensing. In general, practical 
limitations of the system require that the bimodal elec- 
trode will not act as both a counter and iontophoretic 
electrode simultaneously. 

[0073] The general operation of an iontophoretic sam- 
pling system is the cyclical repetition of two phases: (1) 
a reverse-iontophoretic phase, followed by a (2) sensing 
phase. During the reverse iontophoretic phase, the first 
bimodal electrode (Rgure 4, 40) acts as an ionto- 
phoretic cathode and the second bimodal electrode 
(Figure 4, 41) acts as an iontophoretic anode to com- 
plete the circuit Analyte is collected in the reservoirs, 
for example, a hydrogel (Rgure 4, 47 and 48). At the 
end of the reverse iontophoretic phase, the ionto- 
phoretic current is turned off. During the sensing phase, 
in the case of glucose, a potential is applied between 
the reference electrode (Figure 4, 44) and the sensing 
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electrode (Figure 4, 42) . Trie chemical signal reacts 
catalyticafly on the catalytic face of the first sensing 
electrode (Figure 4. 42) producing an electrical current, 
while the first bi-modal electrode (Rgure 4, 40) acts as 
a counter electrode to complete the electrical circuit. 5 
[0074] The electrode described is particularly adapted 
for use in conjunction with a hydrogel collection reser- 
voir system for monitoring glucose levels in a subject 
through the reaction of collected glucose with the 
enzyme glucose oxidase present in the hydrogel matrix, w 
[0075] The bi-modal electrode is preferably comprised 
of Ag/AgCI. The electrochemical reaction which occurs 
at the surface of this electrode serves as a facile source 
or sink for electrical current. This property is especially 
important for the iontophoresis function of the electrode, is 
Lacking this reaction, the iontophoresis cunent. could 
cause the hydrolysis of water to occur at the iontophore- 
sis electrodes causing pH changes and possible gas 
bubble formation. The pH changes to acidic or basic pH 
could cause skin irritation or burns. The ability of an 20 
Ag/AgCI electrode to easily act as a source of sink cur- 
rent is also an advantage for its counter electrode func- 
tion. For a three electrode electrochemical cell to 
function properly, the current generation capacity of the 
counter electrode must not limit the speed of the reac- 25 
tion at the sensing electrode. In the case of a large 
sensing electrode, the ability of the counter electrode to 
source proportionately larger currents is required. 
[0076] The design of the present invention provides 
fa a larger sensing electrode (see for example, Figure 30 
3) than previously designed. Consequently, the size of 
the bimodal electrode must be sufficient so that when 
acting as a counter electrode with respect to the sens- 
ing electrode the counter electrode does not become 
limiting the rate of catalytic reaction at the sensing eiec- 35 
trode catalytic surface. 

[0077] Two methods exist to ensure that the counter 
electrode does not limit the current at the sensing elec- 
trode: (1) the bi-modal electrode is made much larger 
than the sensing electrode, or (2) a facile counter reac- 40 
tion is provided. 

[0078] During the reverse iontophoretic phase, the 
power source provides a current flow to the first bi- 
modal electrode to facilitate the extraction of the chemi- 
cal signal into the reservoir. During the sensing phase, 45 
the power source is used to provide voltage to the first 
sensing electrode to drive the conversion of chemical 
signal retained in reservoir to electrical signal at the cat- 
alytic face of the sensing electrode. The power source 
also maintains a fixed potential at the electrode where, so 
for example hydrogen peroxide is converted to molecu- 
lar oxygen, hydrogen ions, and electrons, which is com- 
pared with the potential of the reference electrode 
during the sensing phase. While one sensing electrode 
is operating in the sensing mode it is electrically con- 55 
nected to the adjacent bimodal electrode which acts as 
a counter electrode at which electrons generated at the 
sensing electrode are consumed. 



[0079] The electrode sub-assembly can be operated 
by electrically connecting the bimodal electrodes such 
that each electrode is capable of functioning as both an 
iontophoretic electrode and counter electrode along 
with appropriate sensing electrode(s) and reference 
electrode(s), to create standard potentiostat circuitry. 
[0080] A potentiostat is an electrical circuit used in 
electrochemical measurements in three electrode elec- 
trochemical cells. A potential is applied between the ref- 
erence electrode and the sensing electrode. The 
current generated at the sensing electrode flows 
through circuitry to the counter electrode (i.e., no cur- 
rent flows through the reference electrode to alter its 
equilibrium potential). Two independent potentiostat cir- 
cuits can be used to operate the two biosensors. For the 
purpose of the present invention, the electrical current 
measured at the sensing electrode subassembly is the 
current that is correlated with an amount of chemical 
signal. 

[0081 ] With regard to continual operation for extended 
periods of time, Ag/AgCI electrodes are provided herein 
which are capable of repeatedly forming a reversible 
couple which operates without unwanted electrochemi- 
cal side reactions (which could give rise to changes in 
pH, and liberation of hydrogen and oxygen due to water 
hydrolysis). The Ag/AgCI electrodes of the present 
invention are thus formulated to withstand repeated 
cycles of current passage in the range of about 0.01 to 
1.0 mA per cm 2 of electrode area. With regard to high 
electrochemical purity, the Ag/AgCI components are 
dispersed within a suitable polymer binder to provide an 
electrode composition which is not susceptible to attack 
(e.g., plasticization) by components in the collection 
reservoir, e.g.. the hydrogel composition. The electrode 
compositions are also formulated using analytical- or 
electronic-grade reagents and solvents, and the poly- 
mer binder composition is selected to be free of electro- 
chemicaily active contaminants which could diffuse to 
the biosensor to produce a background current 
[0082] Since the Ag/AgCI iontophoretic electrodes 
must be capable of continual cycling over extended 
periods of time, the absolute amounts of. Ag and AgCI 
available , in the electrodes, and the overall Ag/AgCI 
availability ratio, can be adjusted to provide for the pas- 
sage of high amounts of charge. Although not limiting in 
the present invention, the Ag/AgCI ratio can approach 
unity. In order to operate within the preferred system 
which uses a biosensor having a geometric area of 0.1 
to 3 cm 2 , the iontophoretic electrodes are configured to 
provide an approximate electrode area of 0.3 to 1.0 
cm 2 , preferably about 0.85 cm 2 . These electrodes pro- 
vide for reproductole, repeated cycles of charge pas- 
sage at current densities ranging from about 0.01 to 1 .0 
mA/cm 2 of electrode area. More particularly, electrodes 
constructed according to the above formulation param- 
eters, and having an approximate electrode area of 0.85 
cm 2 , are capable of a reproducible total charge passage 
On both anodic and cathodic directions) of 270 mC, at a 
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current of about 0.3 mA (current density of 0.35 
mA/cm 2 ) for 48 cycles in a 24 hour period. 
[0083] Once formulated, the Ag/AgCI electrode com- 
position is affixed to a suitable rigid or flexible noncon- 
ductive surface as described above with respect to the 
biosensor electrode composition. A silver (Ag) under- 
layer is first applied to the surface in order to provide 
uniform conduction. The Ag/AgCI electrode composition 
is then applied over the Ag underlayer in any suitable 
pattern or geometry using various thin film techniques, 
such as sputtering, evaporation, vapor phase deposi- 
tion, or the like, or using various thick film techniques, 
such as film laminating, electroplating, or the like. Alter- 
natively, the Ag/AgCI composition can be applied using 
screen printing, pad printing, inkjet methods, transfer 
roll printing, or similar techniques. Preferably, both the 
Ag underlayer and the Ag/AgCI electrode are applied 
using a low temperature screen print onto a polymeric 
substrate. This low temperature screen print can be car- 
ried out at about 125 to 160°C, and the screening can 
be carried out using a suitable mesh, ranging from 
about 100-400 mesh. 

[0084] In another preferred embodiment, the auto- 
matic sampling system transdermal^ extracts the sam- 
ple in a continual manner over the course of a 1 -24 hour 
period, or longer, using sonophoresis. More particularly, 
a source of ultrasonic radiation is coupled to the collec- 
tion reservoir and used to provide sufficient perturbation 
of the target tissue surface to allow passage of the ana- 
lyte (glucose) across the tissue surface. The source of 
ultrasonic radiation provides ultrasound frequencies of 
greater than about 10 MHz, preferably in the range of 
about 10 to 50 MHz, most preferably in the range of 
about 15 to 25 MHz. It should be emphasized that these 
ranges are intended to be merely illustrative of the pre- 
ferred embodiment; in some cases higher or lower fre- 
quencies may be used. 

[0085] The ultrasound may be pulsed or continuous, 
but is preferably continuous when lower frequencies are 
used. At very high frequencies, pulsed application will 
generally be preferred so as to enable dissipation of 
generated heat. The preferred intensity of the applied 
ultrasound is less than about 5.0 W/cm 2 , more prefera- 
bly is in the range of about 0.01 to 5.0 W/cm 2 , and most 
preferably is in the range of 0.05 to 3.0 W/cm 2 . 
[0086] Virtually any type of device may be used to 
administer the ultrasound, providing that the device is 
capable of producing the suitable frequency ultrasonic 
waves required by the invention. An ultrasound device 
will typically have a power source such as a small bat- 
tery, a transducer, and a means to attach the system to 
the sampling system collection reservoir. Suitable sono- 
phoresis sampling systems are described in Interna- 
tional Publication No. WO 91/12772, published 5 
September 1991. 

[0087] As ultrasound does not transmit well in air, a 
liquid medium is generally needed in the collection res- 
ervoir to efficiently and rapidly transmit ultrasound 



between the ultrasound applicator and the tissue sur- 
face. 

[0088] Referring now to Figure 2, an exploded view of 
the key components from a preferred embodiment of an 
5 iontophoretic sampling system is presented. The sam- 
pling system components include two biosensor/ionto- 
phoretic electrode assemblies, 4 and 6, each of which 
have an annular iontophoretic electrode, respectively 
indicated at 8 and 10, which encircles a biosensor 12 
w and 14. The electrode assemblies 4 and 6 are printed 
onto a polymeric substrate 16 which is maintained 
within a sensor tray 18. A collection reservoir assembly 
20 is arranged over the electrode assemblies, wherein 
the collection reservoir assembly comprises two hydro- 
is gel inserts 22 and 24 retained by a gel retainer 26. 
[0089] In one embodiment, the electrode assemblies 
can include bimodal electrodes as shown in Figure 3 
and described above. 

[0090] The components shown in exploded view in 
20 Figure 2 are intended for use in a automatic sampling 
system which is configured to be worn like an ordinary 
wristwatch. As described in International Publication 
No. WO 96/001 10, published 4 January 1996, the wrist- 
watch housing (not shown) contains conductive leads 
25 which communicate with the iontophoretic electrodes 
and the biosensor electrodes to control cycling and pro- 
vide power to the iontophoretic electrodes, and to detect 
electrochemical signals produced at the biosensor elec- 
trode surfaces. The wristwatch housing can further 
30 include suitable electronics (e.g. , microprocessor, mem- 
ory, display and other circuit components) and power 
sources for operating the automatic sampling system. 
[0091 ] Modifications and additions to the embodiment 
of Figure 2 will be apparent to those skilled in the art. 
35 [0092] It is to be understood that while the invention 
has been described in conjunction with the preferred 
specific embodiments thereof, that the description 
above as well as the examples which follow are 
intended to illustrate and not limit the scope of the inven- 
40 tion. Other aspects, advantages and modifications 
within the scope of the invention will be apparent to 
those skilled in the art to which the invention pertains. 
[0093] In the following examples, efforts have been 
made to ensure accuracy with respect to numbers used 
45 (e.g., amounts, temperature, etc.) but some experimen- 
tal error and deviation should be accounted for. Unless 
indicated otherwise, temperature is in degrees C and 
pressure is at or near atmospheric. 



so Example 1 

Acftocsjpg Rark ground Noise and Sensitivity in a Bip : 



55 [0094] The following procedure can be used to deter- 
mine the background current and sensitivity to hydrogen 
peroxide of a biosensor electrode in a glucose monitor- 
ing system. 
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[0095] Method: The sensitivity and background of the 
working biosensor electrode is determined by placing 
the biosensor in a test cell of fixed volume. The cell is 
filled with a pH 7.5 0.1 M phosphate buffered saline 
(PBS) solution containing 77 mM NaCI. The buffer solu- 5 
tion is quiescent in the cell during measurement. The 
biosensor is then biased at the usual operating potential 
of 0.6V, and the steady-state background current meas- 
ured. A 2 jiM solution of hydrogen peroxide is then pre- 
pared in the same PBS buffer solution, and is added to w 
the test cell. The biosensor is again biased, and the cur- 
rent measured at fixed time points. The measurement is 
repeated for 5 jiM and 10 \iM hydrogen peroxide solu- 
tions. 

[0096] A calibration curve can be constructed from the is 
currents obtained for the three hydrogen peroxide con- 
centrations for the fixed time points. Because the cur- 
rents decay over time after the sensor bias is applied, it 
is best to pick one standard time point (for example 60 
seconds) to characterize the sensitivity of the biosensor 20 
to hydrogen peroxide. 

[0097] . The hydrogen peroxide solution should be 
made up within 2 hours of the test and stored in an 
amber (or foil-covered) container until use to prevent 
decomposition of the hydrogen peroxide. 25 
[0098] The following ingredients can be used to make 
up the PBS buffer (NaCI, NaH 2 PO 4 -H 2 0, and 
Na 2 HP0 4 • 7 H2O). The recipe to make up this pH 7.5 
buffer is as follows: 

[0099] To make 2 liters of 0.05 M pH 7.5 phosphate- 30 
buffered saline (PBS): 2.20 g NaH 2 P0 4 • H 2 0 + 22.5 g 
. Na 2 HP0 4 • 7 hy) + 8.98 g NaCI; add water to bring to 2 
liters. The hydrogen peroxide solutions can be made 
from 3% stock solution which is stable if stored in the 
refrigerator. 35 

Example 2 

Assessing Passive Hydrogen Peroxide Depletion in a 
Biosensor 40 

[01 00] The following procedure can be used to deter- 
mine the rate of passive (non-electrochemical) hydro- 
gen peroxide depletion caused by a biosensor electrode 
constructed in accordance with the present invention. 45 
[0101] Method: The following procedure is optimized 
to test biosensor electrodes having an approximate 
geometric area of 1 cm 2 , and a total biosensor area of 
about 3 cm 2 ; however, these methods are readily scala- 
ble to smaller or larger electrode dimensions by the so 
ordinarily skilled artisan. 

[01 02] The biosensor to be tested is placed in a test 
cell which contains a volume of test solution of approxi- 
mately 360 pt in contact with the electrode. The thick- 
ness of the solution layer in contact with the biosensor 55 
electrode is approximately 50 mil (0.127 cm). The body 
of the test cell is preferably made from materials that do 
not cause a substantial amount of hydrogen peroxide 



degradation, for example polytetrafluoroethylene (e.g., 
TEFLON* 5 ) or poly(chlorotrif!uoroethylene) (e.g., Kel- 
F ). The test solution contains 20 \xM hydrogen perox- 
ide in 0.1 M PBS (pH 7.5) containing NaCI. The test 
solution is added to the cell and left in contact with the 
biosensor for 15 minutes. The test solution is withdrawn 
from the cell, and the remaining concentration of hydro- 
gen peroxide is measured and compared to standard 
solutions that were not contacted with the biosensor. 
The concentration of hydrogen peroxide remaining in 
the test solution can then determined using several 
methods known to those of skill in the art, for example, 
by liquid chromatography or by one of several commer- 
cially available hydrogen peroxide test kits (ag., PeroX- 
Oquant™, available from Pierce Chemical Co., Rockford 
IL). 

[0103] Solid Pt biosensor electrodes tested in the 
above-described procedure generally exhibit from 55- 
75% passive (non-electrochemical) hydrogen peroxide 
degradation, whereas Pt-containing electrodes con- 
structed according to the invention preferably exhibit 
from about 10-25% passive hydrogen peroxide degra- 
dation, and more preferably less than about 20% pas- 
sive degradation. 

Example 3 

Testing Protocol for Ao/AoCI Screen-Printed Electrodes 

[0104] The following procedure can be used deter- 
mine the amount of Ag and Agd in a screen printed 
Ag/AgCI electrode that is electrochemically accessible 
at a given current density. 

[0105] Method: The amount of available Ag and AgCI 
is determined by passing a constant current between 
the Ag/AgCI electrode and a counter electrode 
immersed in a suitable electrolyte until an increase in 
the applied voltage indicates that depletion of Ag or 
AgCI has occurred. 

[0106] Test of available Ag: The Ag/AgCI electrode 
and a much larger counter electrode of chloridized silver 
foil are placed opposite each other in a beaker. The 
beaker is filled with 0.1 M PBS buffer (pH 7.5) contain- 
ing 77 mM Nad. The electrodes are connected to a 
suitable constant current power source and the elec- 
trodes biased so that the Ag/AgCI electrode is positive 
with respect to the counter electrode. A constant current 
passes between the electrodes. The applied potential is 
monitored and the amount of time required for the 
applied potential to reach 1.0 V is measured. (At 1.0 V, 
undesirable side reactions can start occurring.) The 
amount of charge which is passed is equal to the cur- 
rent times the number of seconds. 
[01 07] Test of available AgCI: The Ag/AgCI electrode 
and a much larger counter electrode of chloridized silver 
foil are placed opposite each other in a beaker. The 
beaker is fSled with 0.1 M PBS buffer (pH 7.5) contain- 
ing 77 mM NaCI. The electrodes are connected to a 
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suitable constant current power source and the elec- 
trodes biased so that the Ag/AgCI electrode is negative 
with respect to the counter electrode. A constant current 
passes between the electrodes. The applied potential is 
monitored and the amount of time required for the 
applied potential to reach -1.0 V is measured. (At -1.0 V, 
undesirable side reactions can start occurring.) The 
amount of charge which is passed is equal to the cur- 
rent times the number of seconds. 
[0108] A preferred Ag/AgCI iontophoresis electrode 
for use in the present invention to provide for a 24 hour 
period of continual sampling can have the following 
specifications: (1) an electrode area of about 0.85 cm 2 ; 
(2) current of 0.3 mA (current density: 0.35 mA/cm 2 ); (3) 
available Ag and AgCI requirement per electrode of 0.5 
millicoulomb/cm 2 <§> 0.9 mA; (4) time duration of cur- 
rent: 7.5 minutes in each direction per cycle; (5) total 
charge passage of 135 mC On each of the anodic and 
cathodic directions for a total of 270 mC); and (6) capa- 
ble of at least 48 anode/cathode cycles. 

Claims 
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A sampling system for monitoring the concentration 
of an analyte present in a biological system, said 25 
sampling system comprising: 



(a) a reservoir containing an ionically conduc- 
tive medium and an enzyme capable of react- 
ing with the analyte to produce hydrogen 
peroxide; 

(b) sampling means for extracting the analyte 
from the biological system into the reservoir to 
obtain a sub-millimolar (sub-mM) concentration 
of the analyte in the reservoir which reacts with 
the enzyme to produce hydrogen peroxide, 
wherein said sampling means is in operative 
contact with the reservoir; and 

(c) a sensor element in operative contact with 
the reservoir, wherein said sensor element 
reacts electrochemically with the hydrogen per- 
oxide produced in the reservoir to provide a 
detectable signal, and said sensor element 
comprises an electrode having a geometric 
surface area which ranges from about 0.1 to 3 
cm 2 , a background cunent which ranges from 
about 2 to 60 nA or less when measured in a 
buffer solution at 0.6V, and a sensitivity which 
ranges from about 6 to 180 nA/fiA of hydrogen 
peroxide when measured in a buffer solution at 
0.6V. 



The sampling system of claim 1, wherein the sen- 
sor element comprises a platinum-group metal- 
containing electrode. 

The sampling system of claim 1, wherein the sam- 
pling means uses reverse iontophoresis to extract 
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9. 



the analyte from the biological system. 

I The sampling system of claim 1, wherein the sen- 
sor element includes a sensing electrode, a counter 
electrode, and a reference electrode. 

i. A sampling system for monitoring the concentration 
of an analyte present in a biological system, said 
sampling system comprising; 

(a) first and second reservoirs where each res- 
ervoir contains an ionically conductive medium 
and at least one reservoir further contains an 
enzyme capable of reacting with the analyte to 
produce hydrogen peroxide; 

(b) reverse iontophoretic sampling means for 
extracting the analyte from the biological sys- 
tem into the reservoir to obtain a sub-millimolar 
(sub-mM) concentration of the analyte in the 
reservoir which reacts with the enzyme to pro- 
duce hydrogen peroxide, wherein said sam- 
pling means is in operative contact with the 
reservoir and comprises first and second ionto- 
phoretic electrodes in contact with said first and 
second reservoirs, wherein each iontophoretic 
electrode has a geometric area ranging from 
about 0.3 to 1.0 cm 2 , and is capable of 
repeated cycles of current passage in the 
range of about 0.01 to 1 .0 mA/cm 2 of electrode 
area; and 

(c) first and second sensor elements in opera- 
tive contact with the first and second reser- 
voirs, wherein said sensor element reacts 
electrochemically with the hydrogen peroxide 
produced in the reservoir to provide a detecta- 
ble signal. 

The sampling system of claim 5, wherein the ionto- 
phoretic electrodes comprise silver/silver chloride 
(Ag/AgCI) dispersed in a polymer binder. 

The sampling system of claim 5, wherein each ion- 
tophoretic electrode is a bimodal electrode that is 
also able to act as a counter electrode, and each 
sensor element includes a sensing electrode and a 
reference electrode. 

The sampling system of claim 1 or 5, wherein the 
analyte is glucose, and the enzyme is glucose oxi- 
dase. 

The sampling system of claim 1 or 5. wherein the 
ionically conductive medium comprises a hydrogel. 



10. TTie sampling system of daim 1 or 5, wherein said 
biological system has a skin surface, and said 
extracting of analyte from the biological system into 
a reservoir further comprises enhancement of skin 
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permeability by pricking with micro-needles. 

11. A method for monitoring the concentration of an 
analyte present in a biological system, said method 
comprising: 

(a) extracting said analyte from the biological 
system into a reservoir to obtain a sub-millimo- 
lar (sub-mM) concentration of the analyte in 
said reservoir; 

(b) contacting the analyte extracted in step (a) 
with an enzyme that reacts with the analyte to 
produce hydrogen peroxide; 

(c) detecting the hydrogen peroxide produced 
in step (b) with a sensor element which reacts 
electrochemically with the hydrogen peroxide 
to produce a detectable signal, wherein said 
sensor element comprises an electrode having 
a geometric surface area which ranges from 
about 0.1 to 3 cm 2 , a background current which 
ranges from about 2 to 60 nA or less when 
measured in a buffer solution at 0.6V, and a 
sensitivity which ranges from about 6 to 180 
nA/jiM of hydrogen peroxide when measured 
in.a buffer solution at 0.6V; 

(d) measuring the signal produced in step (c); 

(e) correlating the measurement obtained in 
step (d) with the concentration of the anaJyte in 
the biological system; and 

(fj performing steps (a) - (d) continually, and 
step (e) periocfically to monitor the concentra- 
tion of the analyte in the biological system. 

1 2. The method of claim 1 1 , wherein steps (a) t (d) are 
performed continually, and step (e) is performed 
periodically, over a period of at least about 12 
hours. 

13. TTie method of claim 11. wherein the analyte is 
transdermally extracted. 

14. The method of claim 13. wherein the analyte is 
extracted using reverse iontophoresis. 

.1 5. The method of claim 1 1 , wherein steps (a) - (d) per 
performed continually, and step (a) is performed 
periodically, over a period of at least about 24 
hours. 

16. The method of claim 14, wherein the iontophoretic 
electrode is a bimodaJ electrode that is also able to 
act as a counter electrode, and wherein the sensor 
element includes a sensing electrode and a refer- 
ence electrode. 

17. A method for monitoring the concentration of an 
analyte present in a biological system, said method 
comprising: 



(a) contacting a sampling system with the bio- 
logical system, said sampling system compris- 
ing 

5 (i) first and second reservoirs where each 

reservoir contains an ionically conductive 
medium and at least the first reservoir fur- 
ther contains an enzyme capable of react- 
ing with the analyte to produced hydrogen 

10 peroxide. 

(ii) reverse iontophoretic sampling means 
for extracting the analyte from the biologi- 
cal system into the first reservoir to obtain 
a sub-millimolar (sub-mM) concentration of 

is the analyte in the reservoir which reacts 

with the enzyme to produce hydrogen per- 
oxide, wherein said sampling means com- 
prises first and second iontophoretic 
electrodes in operative contact with said 

20 first and second reservoirs, wherein each 

iontophoretic electrode has a geometric 
area ranging from about 0.3 to 1.0 cm 2 , 
and is capable of repeated cycles of cur- 
rent passage in the range of about 0.01 to 

25 1 .0 nWcm 2 of electrode area; and 

(iii) first and second sensor elements in 
operative contact with the first and second 
reservoirs, wherein each sensor element is 
capable of reacting electrochemically with 

30 the hydrogen peroxide produced in the res- 

ervoir to provide a detectable signal; 

(b) extracting said analyte from the biological 
system into the first reservoir to obtain a sub- 

35 millimolar (sub-mM) concentration of the ana- 

lyte in the first reservoir, wherein said extract- 
ing is carried out using the reverse 
iontophoretic system; 

(c) contacting the analyte extracted in step (b) 
40 with an enzyme that reacts with the analyte to 

produce hydrogen peroxide; 

(d) detecting the hydrogen peroxide produced 
in step (c) with the first sensor element which 
reacts electrochemically with the hydrogen per- 

45 . oxide to produce a detectable signal; 

(e) measuring the signal produced in step (d); 

(f) correlating the measurement obtained in 
step (e) with the concentration of the analyte in 
the biological system; and 

so (g) performing steps (b)- (e) continually, and 

step (f) periodically to monitor the concentra- 
tion of the analyte in the biological system. 

18. the method of claim 17, wherein steps (b)- (e) are 
55 performed continually, and step (f) is performed 
periodically, over a period of at least about 12 
hours. 
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19. the method of claim 17, wherein steps (b)- (e) are 
performed continually, and step (f) is performed 
periodically, over a period of at least about 24 
hours. 

20. A method for monitoring the concentration of an 
analyte present in a biological system, said method 
comprising: 

(a) contacting a sampling system with the bio- 
logical system, said sampling system compris- 
ing 

(i) first and second reservoirs where each 
reservoir contains an ionically conductive 
medium and an enzyme capable of react- 
ing with the analyte to produce hydrogen 
peroxide; 

(ii) reverse iontophoretic sampling means 
"* for extracting the analyte from the biologi- 
cal system into the reservoirs to obtain a 
sub-millimolar (sub-mM) concentration of 
the analyte in the reservoirs which reacts 
with the enzyme to produce hydrogen per- 
oxide, wherein said sampling means com- 
prises first and second iontophoretic 
electrodes in operative contact with said 
first and second reservoirs, wherein each 
iontophoretic electrode has a geometric 
area ranging from about 0.3 to 1.0 cm 2 , 
and is capable of repeated cycles of cur- 
rent passage in the range of about 0.01 to 
1 .0 rhA/cm 2 of electrode area; and 

(iii) first and second sensor elements in 
operative contact with the first and second 
reservoirs, wherein each sensor element is 
capable of reacting electrochemical^ with 
the hydrogen peroxide produced in the res- 
ervoir to provide a detectable signal; 

(b) extracting said analyte from the biological 
system into the first reservoir to obtain a sub- 
millimolar (sub-mM) concentration of the ana- 
lyte in the first reservoir, wherein said extract- 
ing is carried out using the reverse 
iontophoretic system; 

(c) contacting the analyte extracted in step (b) 
with an enzyme that reacts with the analyte to 
produce hydrogen peroxide; 

(d) detecting the hydrogen peroxide produced 
in step (c) with the first sensor element which 
reacts elect rochemically with the hydrogen per- 
oxide to produce a detectable signal; 

(e) measuring the signal produced in step (d); 

(f) correlating the measurement obtained in 
step (e) with the concentration of the analyte in 
the biological system; 

(g) extracting said analyte from the biological 



system into the second reservoir to obtain a 
sub-millimolar (sub-mM) concentration of the 
analyte in the second reservoir, wherein said 
extracting is carried out using the reverse ionto- 
5 phoretic system; 

(h) contacting the analyte extracted in step (g) 
with an enzyme that reacts with the analyte to 
produce hydrogen peroxide; 

(i) detecting the hydrogen peroxide produced in 
10 step (h) with the second sensor element which 

reacts electrochemical ly with the hydrogen per- 
oxide to produce a detectable signal; 
(j) measuring the signal produced in step (i); 
(k) correlating the measurement obtained in 

is step (j) with the concentration of the analyte in 

the biological system; and 
(I) continually performing (i) steps (b)- (e) alter- 
nating with (ii) steps (g) - Q"), and periodically 
performing steps (f) and (k) to monitor the con- 

20 centration of the analyte in the biological sys- 

tem. 

21. The method of claim 1 1 , 17 or 20, wherein said bio- 
logical system includes skin, and said extracting of 

25 analyte from the biological system into a reservoir 
further comprises enhancement of skin permeabil- 
ity by pricking the skin wfth micro-needles. 

22. The method of claim 1 1 , 1 7 or 20, wherein the ana- 
30 lyte is present in the biological system at a concen- 
tration ranging from about 0.1 to 200 millimolar 
(mM). 

23. The method of claim 1 1 , 1 7 or 20, wherein the ana- 
35 lyte is glucose, and the enzyme is glucose oxidase. 
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